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We report 17O(2,3) and 63Cu(2) spin-lattice relaxation rates and the 17O(2,3) spin-spin relax-
ation rate in different magnetic fields in YBa2Cu3O7 near Tc. Together these measurements enable
us to test the magnetic field dependence of the pseudogap effect on the spin susceptibility in different
regions of the Brillouin zone using the known form factors for different nuclei as filters. Thus, we
study the momentum dispersion of the pseudogap behavior. We find that near the antiferromagnetic
wave vector the pseudogap is insensitive to magnetic fields up to 15 T. In the remaining region, away
from the (pi, pi) point, the pseudogap shows a magnetic field dependence at fields less then 10 T. The
first result is indicative of the opening of a spin-pseudogap that suppresses antiferromagnetic corre-
lations below a temperature T ∗; whereas, the second result shows the effect of pairing fluctuations
on the spin susceptibility as a precursory effect of superconductivity.
PACS numbers: 74.25.Nf, 74.40.+k, 74.72.Bk
I. INTRODUCTION
The nature of the onset of superconductivity in high
temperature superconductors (HTS) is of considerable in-
terest since it reflects a complex interplay between mag-
netism and superconductivity that is not yet understood.
Experiments show1 that below a temperature T ∗ that is
higher than Tc, a gaplike structure appears in the elec-
tronic excitation spectrum. However, at present there is
no consensus concerning the relationship between this
pseudogap and superconductivity2–6. There are sev-
eral possibilities which can be crudely divided into two
groups: pairing correlations above Tc, with a relevant en-
ergy scale kB(T−Tc) and high energy mechanisms, on the
scale kBT
∗, such as charge or spin gaps. Measurements
under strong magnetic fields may help to discriminate
between these and to find correlations between them and
superconductivity. This idea lead to a series of NMR
spin-lattice relaxation rate measurements in high mag-
netic fields5–8. Recent neutron scattering experiments9
have also investigated magnetic field effects in the normal
state of HTS. NMR may be particularly useful for inves-
tigating the energy scale of the pseudogap if performed
over a wide range of magnetic fields. In addition, we find
that NMR can probe the q (momentum transfer wave
vector) dependence of the pseudogap in the spin excita-
tion spectrum by taking advantage of known q-dependent
form factors that are different for various relaxation ex-
periments with the different nuclei, copper and oxygen.
Recent NMR experiments that investigate the effect
of magnetic field on the pseudogap in nearly optimally
doped YBCO include measurement of the 63Cu(2) NMR
spin lattice relaxation rate, T−11 , by Mitrovic´ et al.
5
and Gorny et al.6. The results of these two papers
on 63Cu(2) T−11 are contradictory. Gorny et al.
6 re-
ported that the spin-lattice relaxation rate in YBCO7−δ
is magnetic field independent indicative of the opening
of a spin-pseudogap. These authors point out that their
results are inconsistent with other reports5,10,11 which
concluded that there is a small but significant mag-
netic field dependence to (T1T )
−1 near Tc in optimally
doped material with an interpretation in terms of pair-
ing fluctuations5,11. In the present work we confirm the
results of Gorny et al.6 for copper relaxation and extend
this to 17O(2,3) experiments that give additional insight
regarding the onset of superconductivity.
In this work, we report a complete set of NMR re-
laxation measurements: 17O(2,3) spin-lattice relaxation
rate, 17T−11 ;
63Cu(2), 63T−11 ; and the
17O(2,3) spin-
spin relaxation rate, 17T−12 , as a function of magnetic
field near Tc, up to 23 T. These measurements reveal
a field dependence of the dynamic spin susceptibility,
χ(q, ω → 0) = χ′+iχ′′, that varies with q. This indicates
that multiple processes of different origin affect χ(q, 0).
Based on 63Cu NMR experiments Gorny et al.6 pointed
out that χ′′(q, 0) near q = (pi, pi) shows no major field
dependence on the scale of 10 T. At this position in the
Brillouin zone χ is strongly enhanced by antiferromag-
netic (AF) spin fluctuations, and so this result suggests
that the temperature dependence they observe is con-
trolled by a much higher field scale possibly associated
with a spin-pseudogap. Our experiments reach similar
conclusions. In addition we find from 17O NMR that
χ′′(q, 0), away from the (pi, pi) point, is magnetic field
dependent on the scale of 10 T. Whereas such behavior
might be expected near q = (0, 0), it is less clear for mo-
menta in the intermediate region between q = (0, 0) and
q = (pi, pi). This field dependence can be explained in
terms of superconducting fluctuations, or a pairing pseu-
dogap that opens up ∼ 20 K above Tc. The existence of
the pairing pseudogap is compatible with a Fermi-liquid
like contribution to the susceptibility. We describe the
1
experiment in Sec. II. In Sec. III we discuss how NMR
can be used to probe the q-dependent susceptibility. Re-
sults and discussion are presented in Sec. IV-VI.
II. EXPERIMENT
We have investigated two samples. The first sample,
A, has been used in our previous work5,12 on spin re-
laxation and Knight shift. It is a near-optimally doped
∼ 30−40% 17O-enriched, YBa2Cu3O7−δ, aligned powder
sample. This sample has a relatively narrow NQR line
width of ≈ 290 kHz and was provided courtesy of P. C.
Hammel at Los Alamos National Laboratory. Its NQR
frequency is 63νzz = 31.5 MHz. The second sample, B,
is a ∼ 60% 17O-enriched, YBa2Cu3O7−δ, aligned powder
sample whose NQR line width is ≈ 450 kHz and 63νzz
= 31.2 MHz. After 17O exchange at 550 ◦C, this sam-
ple was annealed at 390 ◦C for a week and consequently
might be slightly overdoped. The crystal cˆ-axis of both
samples were aligned with the direction of the applied
magnetic field, the z-axis. In Fig. 1 we show the first
high frequency satellite of the 65Cu spectra for each of
the two
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FIG. 1. The first high frequency satellite, i.e.〈
− 3
2
↔ − 1
2
〉
transition, spectrum of 65Cu at 8 T and 95
K for sample A, solid diamonds, and for sample B, open
squares. The signal is essentially background free on the
high frequency side.
samples at 8 T and 95 K. We have checked that the width
of these spectra is the same as the NQR linewidth. Low-
field magnetization data, for both samples, show a sharp
transition at Tc(0) = 92.5K. Our measurements were
made at temperatures from 70 to 160 K and over a wide
range of magnetic fields, from 1.1 T to 22.9 T. 17O(2,3)
NMR spin-spin relaxation was measured using a Hahn
echo sequence: pi/2-τ -pi-acquire. Our typical pi/2 pulse
lengths were 1.5 µs, except at 2.1 T where pulse lengths
were 2.5 µs, giving us a bandwidth > 100 kHz.
The spin-lattice relaxation rate was measured using
the following sequence: pi/2 − τ1 − pi/2 − τ − pi-acquire.
17T−11 was measured on the first high frequency satel-
lite, i.e.
〈
− 32 ↔ −
1
2
〉
Zeeman transition, of the O(2,3).
To exclude the possibility of some field dependent back-
ground contribution to the rate, we have compared T−11
values measured on that satellite to the rate measured at
the
〈
3
2 ↔
1
2
〉
transition. 63T−11 was measured using the
same sequence as for measurement of the 17T−11 except
that typical pi/2 pulse lengths were 3 µs. All 63T−11 mea-
surements were made on satellites,
〈
± 32 ↔ ±
1
2
〉
. At low
field, 1.1 and 2.4 T, the rate was measured on the high
frequency satellite of 63Cu which is the highest frequency
Cu signal at that field, meaning that the high frequency
side of this transition is background free, following the
approach suggested by Gorny et al.6. Very good signal-
to-noise ratio was obtained even at such low fields ow-
ing to the population difference enhancement by a strong
quadrupolar interaction. At 8 T T1 was measured on the
high frequency satellite of 65Cu, the highest frequency Cu
signal at that field, whose spectrum is shown in Fig. 1.
The rate of 63Cu is then inferred from 65T1 knowing that
their ratios scale as the square of their gyromagnetic ra-
tios (γ), namely 63T1 =
65T1 ∗ (
63γ/65γ)2 = 0.8713∗ 65T1.
At 14.7 T T1 was measured on the low frequency satel-
lite of 63Cu whose low frequency side is background free.
The rates were extracted by fitting to the appropriate
recovery profiles, listed in Table I, assuming a magnetic
relaxation mechanism (only ∆m = ±1 transitions are
allowed).
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TABLE I. Recovery profiles for
〈
± 3
2
↔ ± 1
2
〉
tran-
sitions.
III. NMR TOOLS
In this section we give a brief overview of how NMR is
used to probe the q-dependent susceptibility. The spin-
lattice relaxation rate is the rate at which the nuclear
magnetization relaxes to its thermal equilibrium value
in the external magnetic field. It can be conveniently
expressed in terms of the generalized spin susceptibility
χ(q, ω), which is the response function entering most the-
oretical descriptions and is also the quantity experimen-
2
tally detected by the magnetic part of inelastic neutron
scattering. The spin-lattice relaxation rate is given by,
1
(T1T )α
∝ lim
ωn→0
∑
q,α′ 6=α
[∣∣iFα′α′(q)∣∣2 χ′′αα(q, ωn)
ωn
]
(1)
where i identifies the nuclear species; α is the direction
of H0 (taken to be parallel to one of the principal axes
of the Fα′α′ and χ
′′
α′α′ tensors); Fα′α′(q), referred to as
a form factor, is the Fourier transform of the hyperfine
coupling between nuclei and electrons; and χ′′α′α′(q, ω)
is the imaginary part of the dynamic spin susceptibility
for the wave vector q and nuclear Larmor frequency, ωn,
with the direction α′ perpendicular to α.
The q-dependence of relevant form factors in this
work, and the imaginary part of susceptibility domi-
nated by AF-spin fluctuations, are shown in Fig. 10 in
Appendix A . We see from Eq. (1) that it is these form
factors which enable us to probe χ(q, ωn) in different re-
gions of the Brillouin zone, through the measurement of
T1. For
63Cu(2) spin-lattice relaxation, the appropriate
form factor has significant weight near q = (pi, pi), the AF
wave vector. Since the imaginary part of the susceptibil-
ity is peaked at this wavevector the copper relaxation is
dominated by AF spin fluctuations. In contrast for pla-
nar oxygen, 17O(2, 3), the spin-lattice relaxation in the
normal state is mostly insensitive to AF fluctuations ow-
ing to its vanishingly small form factor at q = (pi, pi).
In most solids, the spin-spin relaxation rate arises from
the nuclear dipole-dipole interaction. This gives rise to
a temperature independent rate, T−12 , and decay of the
form exp(−t2/2(T2G)
2) where (T2G)
−2 is equal to the
second-moment of the homogeneous line-shape (exclud-
ing the broadening due to the finite lifetime of a spin in
an eigenstate). However, nuclei can also interact indi-
rectly via conduction electrons13 depending on the real
part of their magnetic susceptibility. This coupling is an
energy conserving process so that it contributes to T2.
Thus by measuring T2 one can probe the real part of the
electronic susceptibility. The importance of T2G of Cu in
obtaining information about the AF exchange between
the electronic spins was first pointed out by Pennington
et al.14. Whereas these indirect processes dominate the
Cu spin-spin relaxation, they are strongly reduced for
oxygen by its vanishing form factor at q = (pi, pi). The
dominant contribution to oxygen T2 is from direct nu-
clear dipole-dipole coupling between copper and oxygen.
However, an important part of T2G of
17O(2,3) still arises
from Cu-O indirect coupling and can be written as,
(
1
63−17T2G
)2
ind
∝
∑
q
[
17Fα′ (q) ·
63Fα′(q) · χ
′(q, 0)
]2
(2)
where 17Fα′ (q) and
63Fα′(q) are form factors of O and Cu
respectively for α′ = c for the case cˆ||zˆ. Unlike the case
of (63T2G)ind which arises from Cu-Cu indirect coupling
and probes χ′(q, 0) near (pi, pi), (63−17T2G)ind arises from
Cu-O coupling and probes χ′(q, 0) in the intermediate re-
gion of the Brillouin zone between (pi, pi) and (0, 0). This
relaxation experiment is complementary to the measure-
ments of spin-lattice relaxation. Finally, the Knight-shift
probes the real-part of static spin susceptibility at q = 0,
χ′(0, 0) which we have reported earlier12 for sample A
using a wide range of magnetic fields.
To summarize, in order to characterize the dynamic
spin susceptibility at different q, we have measured the
following quantities:
• 63T−11 ∝ χ
′′/ω for q near (pi, pi),
• (63−17T2G)
−1
ind ∝ χ
′ for q between (0, 0) and (pi, pi),
• 17T−11 ∝ χ
′′/ω for q near (0, 0).
Using these tools, we investigate the response of χ(q, 0)
to a magnetic field near Tc to determine which processes
affect χ.
IV.
63T1 RESULTS
In Fig. 2 and 3 we show 63T1 for samples A and B re-
spectively. For both samples, we observe no discernible
field dependence in the normal state within experimen-
tal accuracy of ±2%. This result is consistent with
that reported by Gorny et al.6 Above ∼ 100 K, (T1T )
−1
can be fitted to a Curie-Weiss like relation, (T1T )
−1 ∝
Tx/(T + Tx), where we obtain Tx = 103 K based on our
8 T data. This relation for (T1T )
−1 is to be expected if
it is dominated by AF spin fluctuations15. The peak in
63(T1T )
−1 is observed at T ∗ ∼ 100 K. Reduction of
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FIG. 2. Spin-lattice relaxation rate of 63Cu(2) in YBCO
sample A as a function of temperature in the magnetic
fields of 1.1, 2.4, 8, and 14.7 T.
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63(T1T )
−1 below T ∗ has been associated with the loss
of low-energy spectral weight16, which is caused by the
opening of a pseudogap. It is interesting to note (for
Sample A) that in spite of the fact that Tc decreases with
field, 63(T1T )
−1 falls off independently of the magnetic
field, indicating that down to ∼ 80 K the low frequency
limit of χ′′(q, ω)/ω for q = (pi, pi) is not sensitive to super-
conductivity and is dominated by a process with a high
energy scale that becomes gapped and which we refer to
as a spin-pseudogap.
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FIG. 3. Spin-lattice relaxation rate of 63Cu(2) in YBCO
sample B as a function of temperature in the magnetic
fields of 1.1 and 14.63 T.
For sample B the maximum value of 63(T1T )
−1 is
shifted to slightly lower values and higher temperatures
compared to sample A. In the superconducting state,
63(T1T )
−1 decreases with decreasing temperature with
slight magnetic field dependence, not as much as ex-
pected from Tc reduction by the field
12.
In a previous report5 we inferred 63T1 from
17T2 in-
voking the theory of Recchia et al.18 where we found
significant magnetic field dependence of 63T1. We now
believe that this interpretation of our 17T2 experiment is
incorrect as we will discuss in the next section.
V.
63T1 FROM
17T2 AND CU-O INDIRECT
COUPLING
Walstedt and Cheong17 proposed that the main source
of spin-echo decay of 17O is the copper spin-lattice relax-
ation. The z-component fluctuating fields from copper
nuclear spin flips are transferred to the oxygen nuclei
by Cu-O nuclear dipolar interactions. To account for
this process Recchia et al.18 derived an expression for
89Y and 17O spin echo height, M(τ), as a function of
pulse spacing τ . In order to fully account for the 17O
spin-echo decay two additional mechanisms have to be
invoked. First is a Redfield contribution18,19 to the spin-
echo decay, caused by the finite lifetime of a spin in an
eigenstate as a result of the 17O spin-lattice relaxation.
This contribution is ∼ 15 % at Tc and can be evaluated
using the measured 17T1. The Redfield contribution is
taken to be magnetic field independent and, even if we
introduce a weak magnetic field dependence to this con-
tribution, our fit results do not significantly change. The
second contribution is an indirect Cu-O nuclear coupling,
k, mediated by the conduction electrons17,18. This effect
was assumed by Recchia et al.18 and ourselves5 to be
a temperature and field independent enhancement of the
effective Cu-O dipolar coupling strength. The following
expression from Recchia et al.18 gives the 17O spin echo
height, M(τ) as a function of pulse spacing τ ,
M = M0e
(
−17γ2k2
∑ν
i=1
[
63,65γh¯
r3
i
(1−3 cos2 θi)
]2
×
I(I+1)
3
(
T
(i)
1
)2[
2τ/T
(i)
1 +4e
−τ/T
(i)
1 −e
−2τ/T
(i)
1 −3
]
−2τ/T2R
)
. (3)
In our earlier work we performed a nonlinear least
squares fit of our data to Eq. (3) with 63T1 as a fitting
parameter choosing k = 1.57 to match the high tem-
perature results. The sum was performed over all Cu
neighbors in a radius of 12 A˚; ri is the Cu-O distance; θi
is the angle between the applied field and the Cu-O axis;
T
(i)
1 is T1 of the i
th copper nucleus; I = 3/2 is the copper
nuclear spin; and T2R is the Redfield contribution to the
rate.
We now examine in more detail the relaxation de-
scribed by the parameter k. We can extract that part
of the spin-spin relaxation due to Cu-O indirect coupling
from our 17T2 data by dividing our measured signalM by
that calculated for direct dipolar coupling using Eq. (3)
with k set to 1. We take into account the relaxation from
unmediated Cu spin-flips using our direct measurements
of 63T−11 . We then approximately fit the residual decay
with a gaussian function of time and show the resulting
relaxation times in Fig. 4 versus temperature for mag-
netic fields from 2.1 to 22.8 T. There is a well-defined
field dependence for T < 120 K. The qualitative behav-
ior of the rate resembles the behavior observed in the
17O Knight shift12, a quantity proportional to χ′(0, 0),
although we do not intend special significance by this
comparison. Above Tc, T > 90 K, there is a small but
4
clear dependence on field as reported earlier by Mitrovic´
et al.5 using a different interpretative framework. The
relatively low field scale for this dependence, in contrast
to 63(T1T )
−1 in Fig. 2 and 3, suggests a connection to
superconductivity, most likely from pairing fluctuations.
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FIG. 4. Spin-spin relaxation rate of 17O(2,3) (sample
A) after dividing out the part of the relaxation coming
from the direct Cu-O dipolar interaction as described in
the text. The solid line is the calculated spin-spin relax-
ation from Cu-O indirect coupling using the same suscep-
tibility parameters as we used to calculate 17(T1T )
−1 and
63(T1T )
−1 discussed later in Sec. VI.
Below Tc, the spin-spin relaxation rates shift to lower
temperatures as the field increases, consistent with re-
duction of Tc by the field, indicating that this lower tem-
perature behavior is also connected to superconductivity.
For example, at the applied field of 3.2 T and at the tem-
perature T = 0.9 Tc(H) the rate drops by ∼ 20% from
its value at Tc(H). For higher applied fields the decrease
is smaller. Superconductivity can affect T2 data in two
ways: through vortex vibrations, whose precise contri-
bution to the rate is not known; and, through the sup-
pression of χ′ due to pair-formation. We have shown in
previous work that vortex vibrations give rise to a sharp
increase in spin-spin relaxation with a lorentzian spectral
density that onsets at the vortex melting transition (at
least in low fields, H < 10T )20. So it seems unlikely that
vortex vibrations are primarily responsible for the field
dependence we report in Fig. 4 at relatively higher tem-
peratures. To study the effect of pairing on suppression
of the indirect interaction we have calculated both the
temperature dependence of χ′ and (63−17T−12G )ind in the
superconducting state following the RPA-like approach
of Balut and Scalapino21. We take an RPA form for χ,
χ(q, ω) =
χ0(q, ω)
1− Jqχ0(q, ω)
, (4)
where Jq = −J0(cosqx + cosqy)/2 is an enhancement
factor. The value of J0 was constrained by matching
(63T−12G )ind experiments from Cu NQR, measurements
that are unaffected by vortices since they are at zero
field. Below Tc the measured Cu-Cu indirect coupling
contribution to relaxation, (63T−12G )ind, decreases by ∼
10 - 20% of its value at Tc
22. We have reproduced this
result with our calculation as shown in Fig. 5. We find
that the reduction of (63T−12G )ind is larger when realis-
tic Fermi surface parameters are taken into account that
include Fermi surface nesting near the nodes which pro-
duces incommensurate peaks in the susceptibility. We
have calculated (63−17T−12G )ind using the same parameters
for χ(q) and we find that in the superconducting state it
decreases by ∼ 5 - 10% of its value at Tc, as shown in
Fig. 5. It is conceivable that pairing fluctuations could
modify this rate giving raise to field dependence above
Tc. However, this effect is probably too small to account
for the observed field dependence shown in Fig. 4.
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FIG. 5. Calculated (63T−12G )ind, arising from Cu-Cu in-
direct coupling, (open circles) and (63−17T−12G )ind, arising
from Cu-O indirect coupling, (open squares) as s function
of the reduced temperature, T/Tc, for a d-wave supercon-
ductor and J0 = 10.
Well above Tc we see in Fig. 4 that (
63−17T−12G )ind de-
creases as a function of decreasing temperature. This
appears to be in contrast with our calculation of the rate
using a phenomenological form for the susceptibility as
discussed in the next section. Nonetheless the magnitude
of the observed effect is similar to the calculation. One
might also argue that it is possible that the relaxation
described by k, does not arise only from Cu-O indirect
coupling but comes rather from an additional relaxation
mechanism which is highly sensitive to superconductivity
and associated only with oxygen. A possible candidate
for this extra relaxation component is the low frequency
mostly oxygen charge fluctuations discussed by Suter et
al.23. They showed in YBa2Cu4O8 that there is a sig-
nificant contribution from quadrupolar fluctuations, i.e.
5
low-frequency charge fluctuations, to 17T1 in addition to
the dominant contribution from magnetic fluctuations.
In addition they found evidence that these fluctuations
are associated with superconductivity. It might be that
these fluctuations also have spin character and are sen-
sitive to the magnetic field providing a possible channel
for spin-spin relaxation.
Regardless of the precise origin of the relaxation mech-
anism described by k, we see that it depends on tem-
perature and magnetic field, in contrast with previous
assumptions18.
VI.
17T1 RESULTS
As previously pointed out 17(T1)
−1 probes the imagi-
nary part of electronic spin susceptibility, χ′′(q, 0), close
to q = 0. In Fig. 6 we show the 17O spin-lattice relax-
ation rate, of the A sample, as a function of temperature
in different magnetic fields. We find that the rate in-
creases with increasing magnetic field, on the scale of 10
T, for T < 110 K. At 95 K 17(T1T )
−1 differs by ∼ 7% be-
tween 3.2 and 8 T. The departure of 17(T1T )
−1 from the
Korringa-like behavior, (T1T )
−1 = constant, shifts to-
wards lower temperatures as the field increases and the
rate drops sharply in the superconducting state, consis-
tent with reduction of Tc by the field
12. Thus, we can
conclude that the pseudogap we observe here is tied, at
least in part, to superconductivity. A simple shift in Tc
is not enough to account for this field dependence above
Tc because the curvature of the data changes with field.
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FIG. 6. Spin-lattice relaxation rate of 17O(2,3) in
YBCO (sample A) as a function of temperature in the
magnetic fields of 3.15, 8, 13.7, and 22.92 T.
Our Knight shift data12 indicate a Tc shift of ∼ 2 K
from 3.2 to 8 T. However, 17(T1T )
−1 has a value of 0.367
(Ks)
−1
at 3.2 T at 95 K and at 8 T the same value at 86
K. This shift of 9 K exceeds by far the shift of Tc with
field.
We can account for this behavior by d-wave density-
of-states (DOS) pairing fluctuations following previously
reported analysis5,12,24. As the magnetic field increases it
suppresses the negative DOS pairing fluctuation contri-
bution to the rate causing the overall rate to increase with
increasing field24 as observed in Fig. 6. Once the fluctua-
tions are completely suppressed by the field24, we expect
the rate to drop sharply at Tc(H). However, we observe
that the field dependence of the rate saturates around 10
T and that at “high” field, H ≥ 10 T, it has well-defined
curvature near Tc indicating that DOS pairing fluctua-
tions cannot be the only process affecting 17(T1T )
−1. In
the following we try to model the influence of a spin-
pseudogap on 63(T1T )
−1 and, with the same parameters,
estimate the effect on 17(T1T )
−1.
We take the MMP15 phenomenological expression for
the dynamical susceptibility, altered so as to include
the incommensurations in the susceptibility peaks at
Qi = (pi ± δ, pi ± δ) AF wave vectors
25,
χ(q, ω) = χAF + χFL =
1
4
∑
i
αξ2µ2B
1 + ξ2(q −Qi)2 − iω/ωSF
+
χ0
1− ipiω/Γ
. (5)
where ξ is the spin fluctuation correlation length in units
of the lattice constant a, α is a scaling factor, ωSF the
frequency of spin fluctuations, and ξ0 and Γ are terms
added to describe the Fermi-liquid background for AF
fluctuations.
The imaginary part of χ(q, ω) divided by frequency in
the limit of ω → 0 is given by,
lim
ω→0
χ′′(q, ω)/ω =
1
4
∑
i
αξ(T )2µ2B/ωSF
[1 + ξ(T )2(q −Qi)2]
2 +
χ0pi
Γ
. (6)
The rate divided by the temperatures, for H0||cˆ is then
evaluated by summing the product of the form factor and
χ′′ over all q,
1
T1T
= lim
ω→0
kB
2µ2Bh¯
2
∑
q
Fc(q)
χ′′(q, ω)
ω
. (7)
We take Shastry-Mila-Rice26 form factors given in
Eq. A1. In addition, ωSF is assumed to be propor-
tional to ξ(T )−2 and that ξ(T ) = ξ0[Tx/(Tx + T )]
1/2.
Temperature dependence of ξ(T ), ωSF , and other
parameters were determined so that both calculated
63(T1T )
−1 and 17(T1T )
−1 coincide with our data. As-
suming that QAF = (pi ± 0.1, pi ± 0.1) we find the
following values for the parameters used to calcu-
late (T1T )
−1s: ξ(T ) = 3.07[114 K /(114 K + T )]1/2,
ωSF = 6.09 ∗ ξ(T )
−2 meV, α = 14.8 (eV)−1, and for the
Fermi liquid part, χ0pi/µ
2
Bh¯Γ = 8.885 eV
−2.
We obtain values of (T1T )
−1, for both 17O and 63Cu,
shown as the solid curve (extending to dashed below 120
6
K) in Fig. 7. We notice that 17(T1T )
−1 increases slightly
with decreasing temperature similar to 63(T1T )
−1 due to
the increasing correlation length for spin fluctuations, in-
dicating that 17O is not completely shielded from the AF
spin-fluctuations by its form factor.
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FIG. 7. a) Spin-lattice relaxation rate of 17O(2,3) at
3.15 T (open diamonds) and 8 T (open circles); and, b)
Spin-lattice relaxation rate of 63Cu(2) (sample A) at 8 T
(open squares) as a function of temperature. Solid and
dashed lines are calculated as explained in the text.
We then model the opening of the pseudogap by as-
suming that it only affects ωSF . We take a phenomeno-
logical form for ω−1SF ∝ ([tanh((T − Tp)/c1)]/[ξ
−2
0 ξ(T )
2)],
where c1 = 14.5 K and Tp = 70 K are parameters cho-
sen with the sole purpose to allow a fit to the mea-
sured 63(T1T )
−1, giving the solid curve in Fig. 7b) be-
low T ≈ 100K. Using exactly the same pseudogap pa-
rameterization, we calculate 17(T1T )
−1 giving the corre-
sponding solid curve in Fig. 7a). We clearly see that the
suppression of 63(T1T )
−1 due to the opening of the spin-
pseudogap, as modeled here, will also cause a small sup-
pression of 17(T1T )
−1 that reproduces the observed cur-
vature of the high field 17(T1T )
−1 data near Tc. From our
simplistic model we have shown phemonenologically that
17(T1T )
−1 is affected by the opening of a spin-pseudogap
and that it is this process that dominates the oxygen
spin-lattice relaxation rate at fields above 10 T near Tc,
adding to the effects of superconducting pair fluctuations
that give field dependence at low field.
We have also calculated the rates using the oxygen
form factor suggested by Zha et al.25, Eq. A2. Results
similar to the ones shown in Fig. 7 were obtained us-
ing the following parameters: ξ0 = 2.98, Tx = 105
K, ωSF = 5.6 ∗ ξ(T )
−2 meV, χ0pi/µ
2
Bh¯Γ = 13.835 eV
−2
c1 = 17 K, Tp = 69.5 K.
We point out that it is possible that pairing fluctua-
tions might also affect χ′′(q, 0) near q = (pi, pi)24. How-
ever, it is not observed. The observed pairing fluctuation
contribution to 17(T1)
−1 from the Fermi-liquid suscep-
tibility near Tc at small wave vectors, q, would change
63(T1)
−1 by less then a percent, making it impossible to
discern in an experiment.
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FIG. 8. Spin-lattice relaxation rate of 17O(2,3) in
YBCO (sample B) as a function of temperature in mag-
netic fields of 3.15, 8, and 13.7 T.
In Fig. 8 we show the 17O spin-lattice relaxation rate,
of the B sample, as a function of temperature in differ-
ent magnetic fields. At 95 K, 17(T1T )
−1 differs by ∼ 3%
between 3.2 and 8 T, which is within the experimental
precision) indicating that the field dependence of the rate
is less then for the A sample. Broader NQR lines for this
sample as compared to sample A imply higher disorder.
We speculate that this would induce more pair-breaking,
ultimately leading to suppression of fluctuations24.
VII. DISCUSSION AND SUMMARY
We summarize our relaxation experiments by showing
the relative effect of magnetic field on χ(q, 0) for sam-
ple A. This can be conveniently represented by R(H)
defined as R(H) = ((T1,2)
−1
tot − (T1,2)
−1
n )/(T1,2)
−1
n , where
the normal-state rate, (T1,2)
−1
n , is a fit to the field inde-
pendent high temperature behavior (T > 120 K) of the
appropriate rate. The results at T = 95 K are given in
Fig. 9. The two upper graphs indicate that both real
and imaginary parts of the spin susceptibility away from
q = (pi, pi) have magnetic field dependence above Tc on
the scale of 10 T. This field dependence is likely caused by
superconducting pair fluctuations that can be attributed
to the field induced suppression of the negative contribu-
tion to the rate from the density of states24.
7
-0.045
-0.040
R
(H
) a
t 9
5 K
2520151050
 Magnetic Field [T]
-0.08
-0.04
0.00
-0.032
-0.031
-0.030
-0.029
-0.028
63-17(T2G )ind-1
63(T1)-1
17(T1) -1
FIG. 9. Field dependence of the relaxation R(H) =
((T1,2)
−1
tot − (T1,2)
−1
n )/(T1,2)
−1
n , at 95 K for sample A. The
normal state rate, (T2)
−1
n , of
63−17(T2G)
−1
ind was defined as
(T2)
−1
n = 1.127(ms)
−1+T ∗0.00176(Kms) −1; for 17(T1)
−1
we take (T1)
−1
n = constant = 0.395 s
−1; and, for 63(T1)
−1
we take (T1)
−1
n = 15.08 s
−1 ∗ [104 K /(104 K + T )]. The
solid curves are guides to the eye.
Our measurements show that near Tc the electronic
spin susceptibility responds to a magnetic field differ-
ently in different parts of the Brillouin zone. This re-
sult implies that the spin susceptibility is affected by
different physical processes. Near q = (pi, pi) antiferro-
magnetic spin fluctuations, insensitive to superconduct-
ing fluctuations, dominate the spin susceptibility. In the
region away from q = (pi, pi) the susceptibility is influ-
enced by superconducting fluctuations. This is consistent
with a Fermi-liquid like behavior in which the suscepti-
bility is suppressed by superconducting fluctuations for
q less then the inverse of the superconducting coherence
length. The magnetic field behavior of χ(q, 0) indicates
the coexistence of two pseudogaps of different origins.
One pseudogap dominating χ(q, 0) near q = (pi, pi) is
insensitive to magnetic fields in our experimental range
≥ 15 T. This insensitivity indicates that this pseudogap
is not intimately tied to superconductivity and that its
possible origin is on a high energy scale which we call a
spin-pseudogap. This nomenclature is motivated by the
fact that Zeeman contributions to the excitation spec-
trum from spin are necessarily much less than kBT in
the range of experiments we discuss here. The second
pseudogap, evident in χ(q, 0) away from q ∼ (pi, pi) has
a low field scale of < 10 T and likely originates from
superconducting fluctuations as a precursory effect of su-
perconductivity. The latter can be expected since the
appropriate field scale in this case is determined24 by the
thermodynamic critical field, ≈ 5 T.
Finally, we emphasize that the temperature depen-
dence of all the rates we have measured in the high field
limit, changes markedly above Tc around ∼ 100 - 110 K
indicating sensitivity to opening of the spin-pseudogap.
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APPENDIX A: FORM FACTORS
The form factors, relevant for this work, are Shastry-
Mila-Rice26 form factors given by,
63Fc = [Aab + 2B(cosqxa+ cosqya)]
2
63Feff = [Ac + 2B(cosqxa+ cosqya)]
2
17Fab = 2C
2[cos(qxa/2)
2 + cos(qya/2)
2]
17−63Fc =
63 Feff ∗
17 Fab, (A1)
where Aab = 0.84B, Ac = −4B, C = 0.91B, and
B = 3.82 ∗ 10−7 eV. Their q-dependence is shown in
Fig. 10 along with the imaginary part of the susceptibil-
ity which is dominated by AF-spin fluctuations.
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FIG. 10. Form factors26 in units of B, as defined in
Eq. A1 (solid curves) or by Eq. A2 (dashed curves): a)
Form factor that determines 17T1 for a magnetic field
H0||cˆ. b) Form factor that determines
63T1 for H0||cˆ. c)
Form factor that determines (63−17T2)ind for H0||cˆ. d) χ
′′
dominated by antiferromagnetic-spin fluctuations15 plus a
small Fermi-liquid background.
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The exact form of the oxygen form factor is not gen-
erally accepted. In order to assure a near perfect can-
cellation of the influence of the incommensurate spin-
fluctuation peaks (observed by neutron scattering27) on
the 17O relaxation rates, Zha et al.25 suggested that the
oxygen form factor should be altered to include coupling
of 17O nuclei to both nearest-neighbor and next-nearest-
neighbor Cu2+ spins. In this case the oxygen form factor,
17Fc, includes extra terms which they take to be
2C2
(1 + 2rc)
{cos(qxa/2)
2[ζ⊥(1 + 2r)− 2r + 2rcosqya]
2
+ cos(qya/2)
2[ζ||(1 + 2r)− 2r + 2rcosqxa]
2}, (A2)
where r ≡ 0.25, ζ⊥ = 0.91, and ζ|| = 1.42.
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